H 3 PW 12 O 40 /TiO 2 /palygorskite composite photocatalysts were prepared by the sol-gel method and characterized by scanning electron microscopy (SEM), X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FT-IR) and N 2 adsorption-desorption measurement. These results indicated that the self-made composite photocatalysts had excellent catalytic performance of degradation of gaseous benzene. In the case of the benzene concentration at 100 mg/m 3 , over the composite catalysts H 3 PW 12 O 40 /TiO 2 /palygorskite with mass ratio of 1:5:5 calcined at 350°C, reached 96.3% after 210 min UV irradiation. The gaseous benzene photo-catalytic degradation was mainly caused by strong oxidizing property of HPW, the TiO 2 electron-holes and oxygen synergy effect. The degradation followed pseudo-first-order reaction process and the main products were CO 2 and H 2 O. ª 2015 The Authors. Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction
In recent years, photocatalytic oxidation process using semiconductor materials has been recognized as a promising alternative to the conventional methods [1] because the extremely oxidizing nature of semiconductor materials [2] under ultraviolet irradiation is able to decompose and mineralize organic pollutants in the form of CO 2 and H 2 O [3] . TiO 2 , as a photocatalyst, has been widely studied in the advanced oxidative treatment of organic pollutants because of its ability to destroy a wide range of contaminants using solar or UV irradiation [4] . However the fast recombination of photoinduced electron-hole (e À -hole + ) pairs due to the large band gap of TiO 2 (3.2 eV) [5] and low surface area [6] limits its use in photocatalysis. The anatase band gap can be reduced by doping TiO 2 with different elements [7] . Soni et al. [8] produced mesoporous N-TiO 2 thin films which indicated a high photocatalytic performance in the visible part of the solar spectrum by doping nitrogen element into the lattice of TiO 2 . Highly ordered N-TiO 2 film prepared by Soni et al. [9] also had a dramatically effect on cell damage of Gram-positive bacteria induced by visible light.
Practically, TiO 2 nanopowders easily agglomerate which reduces the photonic efficiency in most degradation process [10] and needs to implement costly microfiltration process. Therefore, how to improve the efficiency of TiO 2 is important to realize its application.
Palygorskite (Pa) is one kind magnesium aluminum silicate clay mineral with chain layered structures which has several exciting properties, including excellent adsorption, larger surface area and pore volume due to the presence of channels [11, 12] . The compound/Pa nano composites have a superior activity than their unload counterparts [13, 14] . 12tungstophosphoric acid (H 3 PW 12 O 40 , HPW), as an efficient electron trap with well-defined Keggin structure [15] , has been widely devoted to incorporate TiO 2 for the purpose of improving overall efficiency of photocatalytic process. Xu et al. [16] designed a series of metallic silver and Keggin unit codoped titania nanocomposites (HPW/Ag-TiO 2 ) through a single step sol-gel-hydrothermal method. Tiejun et al. [17] found that the composite photo-catalyst HPW/TiO 2 prepared by the sol-gel method improved the photocatalytic efficiency to ethanol and the degradation process obeyed the first order kinetics.
In this paper, Pa was employed as carrier for anatase TiO 2 and HPW. Characterizations of composite materials were characterized by X-ray diffraction (XRD), scanning electron microscopy (SEM), nitrogen adsorption/desorption and Fourier transform infrared spectra (FTIR). The effect of the different mass ratio of TiO 2 /HPW/palygorskite in composite catalysts and calcination temperature on photocatalytic degradation gaseous benzene was systematically investigated. In the meantime, the reaction mechanism and kinetic models of composite catalyst degradation to benzene were discussed primarily.
Experiment

Materials
Pa was obtained from the Anhui Ming-guang Palygorskite Mine (China); tetrabutyl titanate was purchased from Lingfeng Chemical Reagent Co., Ltd. (Shanghai, China); 12-tungstophosphoric acid (CP, China Pharmaceutical Group, Shanghai Chemical Reagent Company). All other chemicals and solvents were of analytical grade and without any purification.
Synthesis of TiO 2 /HPW/Pa composite catalysts
A certain mass of HPW was dispersed in 45 mL of ethanol by ultrasonic dispersion for 20 min. Then, Pa powders were added into the solution and stirred for 30 min under room temperature to form test solution I. 4 mL distilled water was added into a mixture of 15 mL ethanol and 4 mL tetrabutyl titanate to form yellow colloidal solution. After the colloidal solution was magnetically stirred for 1 h, solution II was formed.
To prepare TiO 2 /HPW coated Pa, solution II was poured into test solution I. The mixed solution was stirred with magnetic stirrer for 30 min at (20 ± 2)°C. After 24 h of rest for aging, solution III formed.
Solution III was dried at 75°C and calcined in a muffle furnace at 350°C for 2 h. As a result, composite catalysts were finally prepared.
Characterization
The specific surface area, the pore volume and the pore diameter of the catalysts and other samples were determined by the N 2 adsorption-desorption isotherms (NOVA 3000e) at the liquid-nitrogen temperature.
The X-ray diffraction (XRD) patterns were recorded with D/Max-rB, Japan Rigaku Corporation. The test conditions were as follows: origination angle was 3°, end angle was 80°, step size was 0.02°, scanning speed was 4°/min, target was copper, tube voltage was 40.0 kV, and tube current was 100 mA.
Surface morphologies were observed by scanning electron microscopy (SEM) (Hitachi S-4800N).
The Fourier transform infrared (FT-IR) spectra of the catalysts were obtained using a Bruker Vertex 70 FT-IR spectrometer and pellets in KBr in the 600-4000 cm À1 with 32 scans at 0.5 cm À1 resolution.
Photocatalytic reaction
The catalytic activity of the materials was evaluated by the photocatalytic of gaseous benzene in a quartz glass tube (300 mm in length and 35 mm in outer diameter) at room temperature and atmospheric pressure and the volume of the reactor was 288.5 mL. The tests were carried out using a 254 nm ultraviolet lamp (8 W, Oudian Lighting Electronics Co., Ltd.) and radiation intensity was about 13 W m À2 (FZ-A light intensity meter, Photoelectric Instrument Factory of Beijing Normal University) at ambient temperature (20 ± 2°C). The water, ethanol and benzene concentration were controlled by adjusting the flow rate of bubbling in the conical flask using mass flow controller (MFC) (CS200A, Beijing Sevenstar Electronics Co., Ltd.) at a certain period of time. Catalysts were coated in the bottom of the self-made quartz reactor and UV light placed 1.5 cm away from the reactor. For all photocatalytic experiments, benzene with the initial concentration of 100 mg/m 3 and 1 g dose of catalyst were used. Prior to the irradiation experiment, the quartz glass tube containing catalysts was placed in the dark for 60 min to ensure that the adsorption-desorption equilibrium of benzene on the surface of the catalysts was achieved. The concentration of benzene and ethanol was analyzed by Gas Chromatography (GC-2010, Japan Shimadzu) with a flame ionization detector (FID) and the pressure for N 2 , H 2 and air was 0.4, 0.2 and 0.4 MPa, respectively. The scheme of the experimental setup is shown in Fig. 1 . The water vapor concentration was detected by FT-IR. and Pa. Pa showed the reflections at 8.3°and 19.7°( Fig. 2a ) and these two characteristic reflections of Pa were not changed by HPW and TiO 2 immobilization. The peaks at 2h = 19.7°a nd 26.6°represent the Si-O-Si crystalline layer in the clay [18] . As in the case of immobilizing HPW on the fibers of Pa, no reflections of HPW were detected, indicating that the HPW was in an amorphous state rather than in a crystal state [19] . These structural properties of HPW/TiO 2 /Pa promoted the catalytic activity. The XRD patterns of composite catalysts showed weak broad peaks in the same position where the main peaks of anatase TiO 2 were located at 25.3°( Fig. 1a ), indicating TiO 2 was crystallized in the anatase phase over the palygorskite. The grain size for composite catalysts, pure TiO 2 , HPW and Pa had been calculated from XRD patterns using Scherrer's equations [20] :
Results and discussion
where D was the crystal size (nm), k was the wavelength of X-ray (nm) and B was the full width at the half maximum (FWHM) of the intensity. The crystal size for composite catalysts, pure TiO 2 , HPW and Pa was 15.9 nm, 48.5 nm, 59.6 nm and 16.9 nm, respectively. All the peaks indicated that the crystal phase of the materials containing titania was anatase and the relatively small width of peaks indicated that the size of the nanocrystallites was less than 17 nm. Fig. 2b shows the XRD patterns of composite catalysts calcined at different temperatures. The intensity of the diffraction peak of anatase TiO 2 at 25.3°increased as the calcination temperature rose at the range of original products (without calcinations) to 350°C. The intensity of the peak of anatase was highest at 350°C. At 400°C, the diffraction peaks of anatase were weaker than 350°C. The phase change from the anatase to rutile occurred in the temperature ranges from 400 to 600°C [21] . The band gap energy of anatase was 3.2 eV, while the band gap energy of rutile was 2.9 eV [22] . Therefore, anatase exhibited an excellent photocatalytic performance than rutile. The characteristics peak of Pa at 8.3°was not detected at calcination temperature at 400°C. Bouna et al. [23] confirmed that palygorskite structure was changed upon calcination at 400-600°C, due to the removal of structural water.
FTIR spectroscopy
The FTIR spectra of the Pa are shown in Fig. 3 . The peaks at 3615 cm À1 were attributed to the vibration of Al-OH, which was owing to the character of Pa [24] . Three bands at around 468 cm À1 , 1031 cm À1 and 1654 cm À1 related to the hydroxyl stretching vibration of adsorbed water and structural water in the channel of Pa [25] . Characteristic bands of Pa at around 1196 cm À1 were attributed to the Si-O stretching and another band at 1088 cm À1 was attributed to the Si-O asymmetric stretching vibration [26] . For HPW and TiO 2 , the Keggin characteristic absorption peaks [27] could be clearly seen at 1080 cm À1 , 983 cm À1 , 889 cm À1 and 800 cm À1 belonging to V as (P-O), V as (W-O d ), V as (W-O b -W) and V as (W-O c -W), respectively ( Fig. 3 ). Peaks located in area of 400-800 cm À1 correspond to the vibration of Ti-O and Ti-O-O bonds [28] .
The spectrum of composite catalysts also showed characteristic IR bands (the Keggin-type polyanion fingerprint) of the HPW and TiO 2 moiety, although somewhat different from those of bulk HPW: both the P-O bond and the W-O bond of HPW were buried in the strong and broad Si-O-Si bond and Si-O bond of Pa. Furthermore, FTIR of palygorskite was modified by HPW and TiO 2 as presented in Fig. 3 , a new peak appeared in 1051 cm À1 which was ascribed to Si-O-Ti bond [18] and 3400 cm À1 ascribed to the hydroxyl stretching vibration of residual ethanol. Fig. 4 shows the nitrogen adsorption/desorption isotherms and pore size distribution for TiO 2 , HPW, Pa and composite catalyst materials. All isotherm shapes of samples were type V with an H1 hysteresis loop [29] , and it supported the good dispersion of the HPW and TiO 2 moieties over the carrier. The capillary condensation occurred at a relative pressure of 0.8-1.0 for the HPW and TiO 2 materials (Fig. 4a ), which was characteristic of the presence of a few portion macrospores. On the other hand, the N 2 adsorbed amount of Pa and composite catalysts increased significantly compared with HPW and pure TiO 2 . The capillary condensation step of Pa and composite catalysts occurred at a relative pressure of 0.45-1.0 region implying the presence of a large proportion of mesopores and macrospores. Additionally, sharp pore size distribution curves ( Fig. 4b ) confirmed that the pore diameters of the materials were quite uniform in the range of 3-5 nm.
Nitrogen adsorption/desorption
The HPW and TiO 2 had a negligible S BET (<0.2 m 2 /g), while Pa had S BET = 207 m 2 /g. Composite catalysts presented S BET of 147 m 2 /g, which was smaller than bare Pa. This reduction could be mainly due to the additional mass of HPW and TiO 2 blocking of smaller pores of the Pa [13] .
Scanning electron microscopy
The SEM images ( Fig. 5a and b) of HPW and TiO 2 revealed that these materials consisted of spherical nanoparticles with an average diameter around 1 lm, it was observed that the spherical particles were formed by the aggregation of smaller particles, which was in accordance with the results of Nitrogen adsorption-desorption. Pa (Fig. 5c ) samples showed matted fibers in planar structures, which was a typical morphology of this clay. The average diameter fibers, as they were observed before supporting TiO 2 and HPW, were 20-40 nm while the length was several micrometers. After many TiO 2 and HPW particles were uniformly and finely distributed on the surface of Pa fibers (Fig. 5d ). The hydroxyl group on the surface of crystal structure of Pa was lost during the calcination process thus helping in stabilization of TiO 2 on the Pa to form stable Ti-O-Si bond [18] . This composite structure enhanced the photocatalytic properties by reducing the grain size of TiO 2 in the composite catalysts (15.9 nm, while pure TiO 2 was 48.5 nm) according to the XRD results.
3.2.
Optimal mass ratio and calcined temperature for HPW/ TiO 2 /Pa catalysts Fig. 6a displays the influence of HPW loading on the photocatalytic activity of composite catalysts calcined at 350°C. The results indicated that the photocatalytic efficiency of catalysts to benzene decreased monotonically with the increasing HPW doping mass ratio from 1:10:10 to 4:5:5 and the optimal HPW doping mass ratio was 1:5:5. This was due to the fact that too high HPW loading would decrease photocatalytic activity [30] by enriching tungsten atoms on the catalyst surface and thereby created new recombination centers. Therefore, the optimal mass ratio of HPW/TiO 2 /Pa with 1:5:5 was selected to prepare the composite catalysts calcined at different temperatures. When the optimal mass ratio of HPW:TiO 2 :Pa was 1:5:5, the degradation efficiency of benzene reached 96.3% after 210 min UV irradiation. Fig. 6b displays the effect of catalyst calcination temperature on the photocatalytic activity of composite catalysts with optimal mass ratio of HPW/TiO 2 /Pa at 1:5:5. Benzene removal efficiency was increased as the increasing calcination temperature from 300 to 350°C. However, the photocatalytic activity was decreased dramatically at calcination temperature of 400°C. Mioc et al. [31] had been reported that 12-tungstophosphoric acid began to decompose at 400°C, resulting in the decrease of photocatalytic activity of composite catalysts. In addition, Yan et al. [32] had been found that the crystal structure of Pa began to decompose at 400°C due to the loss of structural water, therefore the absorption activity of catalysts decreased significantly. The hydroxyl group on the surface of palygorskite could promote the growth of TiO 2 crystals [33] . Higher calcination temperature would cause the loss of H 2 O and the hydroxyl group on the surface of palygorskite [23] which inhibited the crystal growth of TiO 2 . Fig. 6c shows the optimal mass ratio and calcined temperature for composite catalysts with mass ratio of HPW/ TiO 2 /Pa at 1:5:5 calcined at 350°C using a 254 nm UV lamp (8 W) with 100 mg/m 3 of benzene initial concentration. From Fig. 6c , it was found that the photocatalytic activity of the composite catalysts was obviously higher than pure HPW and TiO 2 . The smaller size and better dispersion of TiO 2 and HPW particles immobilized on the Pa fibers ( Fig. 5d ) prevent the aggregation. Pa maintained a high specific surface area (Fig. 4a ) used as a nucleation center to stable nanoparticles to form uniform HPW/TiO 2 /Pa composites and their prominent adsorption properties [34] account for this good efficiency. In an addition, the ability of HPW as an effective electron transfer mediator or electron shuttle from the conduct band of TiO 2 to electron acceptors (such as oxygen) which inhibited the process of recombination of TiO 2 electron-holes [35] .
The low benzene removal efficiency of sole TiO 2 was mainly ascribed to fast recombination of charge carriers on irradiated TiO 2 [36] . On the other hand, aggregation of TiO 2 nanoparticles could also affect benzene degradation efficiency. Comparison of benzene removal efficiency with different materials is shown in Table 1 .
Catalytic degradation of benzene vapor using HPW/TiO 2 / Pa catalysts
Effect of initial concentration of benzene
The influence of initial concentration on benzene photocatalytic degradation was investigated with range from 60 mg/m 3 to 1300 mg/m 3 , 1.0 g dose catalysts with mass ratio of HPW/ TiO 2 /Pa at 1:5:5 calcined at 350°C are shown in Fig. 7a . The degradation efficiency decreased from 100% at benzene initial concentration of 67.5 mg/m 3 to 42.7% at benzene concentration of 1300 mg/m 3 . The reason could be explained by that more organic molecules were absorbed on the catalyst surface at high initial concentration level, which limits the numbers of active sites on photocatalyst surface [37, 38] . Beyond the optimum concentration, more reactant molecules were adsorbed on the photocatalyst surface, inhibiting the absorption of photon by catalysts to efficiently form charge carriers. In addition, the increasing of benzene concentration brought about more degradation products. These products may consume activity substance, resulting in a decrease of activity substance concentration and a corresponding decrease in benzene degradation efficiency [39] .
The effect of additive gases on benzene degradation efficiency
In the presence of additive gases (air, O 2 and N 2 ), the effect of additive gases on benzene degradation efficiency as shown in Fig. 7b . The initial concentration of benzene was 100 mg/m 3 and 1.0 g dose HPW/TiO 2 /Pa catalysts with optimal mass ratio calcined at 350°C. The benzene removal efficiency reached 91% in the oxygen atmosphere, while the degradation efficiency was only 64% in the nitrogen atmosphere after under irradiation 150 min. The photocatalytic reaction was initiated by absorbing UV photons with concurrent generation of conducting band (CB) electrons to valance band (VB) holes in the semiconductor material lattice [40] . The ground-state species HPW were easily reduced by the conduction band electrons to form excited-state species, HPW À by ligand-to-metal charge-transfer [41] . Then the HPW À was reoxidized by O 2 , yielding ÅO 2 À and HPW served another catalytic cycle [5, 42] . In the absence of oxygen, the reoxidation process was very slow. Therefore, the experiment was carried out under nitrogen conditions, the benzene degradation efficiency was obviously lower than oxygen atmosphere. The pollutant decomposition rate increased significantly with increasing oxygen concentration. The results suggested that oxygen played an important role in the benzene degradation.
Under N 2 condition, neither O 2 nor OH radical was present in the reactor. The photo-degradation efficiency of benzene over composite catalysts was 64% after irradiation 150 min (Fig. 7b) , it suggested that benzene degradation should mainly rely on the strong oxidizing property of HPW and the TiO 2 electronic-hole synergy effect by HPW/ TiO 2 catalyst [43] [44] [45] .
3The effect of OH radical
The TiO 2 photooxidation mechanism of organic compounds in the aqueous phase was found to be an OH-mediated process [46, 47] which was derived from the water vapor. However, the effect of OH radical in the process of TiO 2 gas photooxidation mechanism was not clear. In order to identify the role of OH radical played during degradation. 1.0 g dose catalysts with HPW/TiO 2 /Pa mass ratio of 1:5:5 calcined at 350°C. The degradation of benzene efficiency in the presence of different concentrations of ethanol, which was an efficient OH radical quencher [48] , is shown in Fig. 7c when the initial concentration of benzene was 100 mg/m 3 , the ethanol concentration increasing from 84 to 336 mg/m 3 , the degradation efficiency of benzene just varied from 89% to 83%, respectively. And when the 336 mg/m 3 ethanol was added into the reactor, it effectively scavenged about 94.3% of the OH radicals. The degradation efficiency of benzene was only reduced about 11% compared with that of absence of ethanol. In the meantime, the concentration of water vapor increasing from 0 to 250 mg/m 3 almost had no significant effect on the benzene degradation (Fig. 7d ). The energy of 254 nm UV light was 4.8 eV and the ionization energy of water was 12.6 eV [49] , therefore, the water vapor could not be photolysis of 254 nm UV light. Water molecules abstracted electron trapper, shuttled from the excited state of HPW À to generate OH radicals in aqueous system were generally accepted [50] [51] [52] . Therefore, the results indicated that the contribution of OH radical which is generated by the excited state HPW À or TiO 2 conduct bands on benzene degradation was about 4-11%.
Mineralization
The mineralization of benzene by using 1.0 g dose composite catalyst was evaluated by monitoring the changes of total organic carbon (TOC) in the reaction system with 100 mg benzene/m 3 (Fig. 8 ). Mineralization efficiency of benzene reached 85.4% after illumination 210 min. This indicated that the composite catalysts had a high photocatalytic property and could oxide benzene to nontoxic products. Fig. 9 shows the proposed mechanism for the decomposition of benzene. HPW acted as an effective electron transfer mediator or electron shuttled from the TiO 2 conduct bands to electron acceptors like O 2 and H 2 O molecules. Photoexcited HPW * carrying a strong oxidation power directly abstract an electron from substrates or generate OH radicals through water oxidation as the band-gap excited TiO 2 does [53, 54] . H 3 PW 12 O 40 À was subsequently reoxidized to HPW by O 2 to close a photocatalytic cycle [55] .
Mechanism of photocatalytic degradation of gaseous benzene
HPW/TiO 2 /PW was excited by UV lights and subsequently induced the electron transfer reactions according to the following processes [50, 56, 54] :
The excited state HPW * and hole (h + ) could oxide benzene [57, 58] .
In the presence of H 2 O, photoproduced hole (h + ) mainly reacted with H 2 O, producing OH radicals [37, 59] : The e À could easily transfer into the HPW and thereby realize the effective separation of the h + -epairs [60] :
In the presence of O 2 , oxygen was a very fast and effective oxidizing reagent for reduced HPW/TiO 2 /Pa accompanied by the formation of O 2 À [61-63]:
In addition, Ward and Wishnok [64] reported the direct photolysis of benzene vapor under ultraviolet irradiation. The major volatile products of vapor photolysis were found to be fulvene and trans-1,3-hexadien-5-yne. This photoreaction was thought to proceed through vibrationally excited upper electronic states of benzene.
Analysis of benzene degradation dynamics
As the removal of benzene mainly relied on the strong oxidizing property of HPW, the TiO 2 electronic-hole and O 2 synergy effect by HPW/TiO 2 catalyst, its removal rate equation could be expressed as Eq. (13) [65] :
where C was the benzene concentration at a certain time (mg/m 3 ); [O 2 À ] was strong oxidizing property of HPW, the TiO 2 electronic-hole and O 2 synergy effect concentration; k was reaction kinetic parameters; m and n were reaction order.
HPW, the TiO 2 electronic-hole and O 2 had a significant effect on promoting the degradation of benzene. Under the conditions of other same parameters, it covered on the composite catalysts surface increased with the increase of benzene initial concentration. This will lead to the decrease of electron-hole yield and then affect the degradation rate. Therefore, the concentration of electron-hole was related to the benzene initial concentration and k [O 2 À ] m could be rewritten as k 00 C 0 p :
Benzene removal rate equation can be simplified to Eq. (15):
According to formulas (13) and (14), Eq. (15) could be obtained: Assuming n = 1, the first order kinetics curve fitting for various initial concentrations of benzene is shown in Fig. 10a and the fitting values of k 0 are shown in Table 2 .
From Table 2 , correlation coefficient between model and experimental data was pretty high, which indicated that benzene degradation followed apparent pseudo-first-order reaction process. p and k 00 were obtained by fitting k 0 and C 0 in Fig. 10b . The correlation coefficient of 0.976 suggests that Eq. (14) was tenable. k 00 = 0.145 mg/(m 3 n min), p = À0.5. Therefore, benzene removal rate could be expressed as:
Conclusions
The nano-sized HPW/TiO 2 /Pa materials with high photocatalytic property were synthesized with a sol-gel method. They were characterized by using XRD, SEM and BET specific surface. The results indicated that the activity of HPW/TiO 2 /Pa composite catalysts was higher than pure TiO 2 . High performance of catalysts was attributed to the addition of Pa and HPW, which increase the surface area and prohibit the recombination process of electron-holes of samples. When 1.0 g dose catalysts with mass ratio of HPW/TiO 2 /Pa at 1:5:5 calcined at 350°C, benzene concentration was 100 mg/m 3 , gaseous benzene degradation efficiency could reach 96.3% after 210 min UV irradiation. Strong oxidizing property of HPW, the TiO 2 electron-holes and oxygen played an important role in the gaseous benzene degradation process. The degradation followed pseudo-first-order reaction process and the main products were CO 2 and H 2 O. 
